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The grain boundary plays an important role in the electrical behaviors of solid oxide electrolytes for solid state fuel cells. To reveal the
relationship between the structure and the ionic conductivity of grain boundary, the conductive properties of {1 1 1} and {1 1 0} twist grain
boundaries in 8 mol% yttria-stabilized zirconia have been examined. These boundaries have a series of Σ values deﬁned by the coincident site
lattice model. It has been found that the activation energy of {1 1 1} twist grain boundary increases and then decreases with the Σ value, while
that of the {1 1 0} boundary shows an opposite trend. It is suggested that the properties can reﬂect the balance of the effects of lattice mismatch
on the diffusion ability of oxygen vacancies and the segregation of oxygen vacancies and Y3þ ions. Therefore, the properties in polycrystalline
electrolyte can be adjusted by controlling the grain boundary structures.
& 2014 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.
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Yttria-stabilized zirconia (YSZ) is widely used as electro-
lytes in solid oxide fuel cells (SOFCs), due to their high ionic
conduction and high stability at elevated temperatures [1–4].
However, it has been found out that the ionic conductivity of
grain boundary is two to three orders of magnitude lower than
that of grain interior [5,6], and the activation energy of grain
boundary is much higher than that of grain interior [5–8].
Therefore, the boundary can dramatically inﬂuence the con-
ductivity of YSZ, since YSZ for practical applications in
SOFCs is polycrystalline. A comprehensive understanding ofe front matter & 2014 Chinese Materials Research Society. Produc
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nder responsibility of Chinese Materials Research Society.grain boundary conduction is essential for the improvement of
the total conductivity of YSZ.
At present, the most widely accepted mechanism about the
grain boundary conduction is the space charge model [11]. In this
model, a grain boundary comprises a boundary core, where
oxygen vacancies segregate, and two adjacent space charge layers,
where Y3þ ions segregate. Consequently, a mobile vacancy can
be easily trapped by the space charge layer when it crosses the
boundary [7–10]. However, detailed structures of grain boundary
at an atomic scale are not involved in the model.
The grain boundary structure is characterized by the orientation
relationship between the grains, and the orientation of the grain
boundary plane. Currently, one of the most widely used crystal-
lographic models to describe the grain boundary structure and
mismatch is the coincidence site lattice (CSL) model [12]. This
model is characterized by a number Σ, which is the volume ratio
of coincident unit to crystal unit. Generally, a larger Σ indicates a
higher level of lattice mismatch. Based on this model, the effect
of the grain boundary structure on the diffusion ability of oxygention and hosting by Elsevier B.V. All rights reserved.
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[13,14]. It is interesting that the mean square displacement (msd)
of oxygen ions in the Σ3 {1 1 1} twist grain boundary is even
larger than that in grain interior in 8 mol% YSZ [13]. Moreover,
if the grain boundary segregation is neglected, the msd of Σ13
(3 2 0)/[0 0 1] is larger than that of Σ5 (3 1 0)/[0 0 1] tilt
boundary, indicating that the larger mismatch can enhance the
oxygen migration [13]. These results are acceptable since larger
mismatch may enhance ion diffusion at the boundary [15].
Besides, lattice mismatch can inﬂuence segregation of
vacancies and Y3þ ions in the vicinity of the boundary, which
has a negative impact on the ionic conduction due to the space
charge model. It is widely accepted that it is more readily for
vacancies and Y3þ ions to segregate into the boundary with
larger mismatch. It has been calculated by the Monte Carlo
simulation that in the symmetric tilt grain boundaries of Σ5
(2 1 0)/[0 0 1], Σ5 (3 1 0)/[0 0 1], and Σ13 (3 1 0)/[0 0 1] in
9.6 mol% YSZ, the equilibrium local concentrations of Y3þ
ions are 19, 21, and 23 at %, respectively [16].
The aim of this work is to study the dependence of grain
boundary conduction on the grain boundary structure in YSZ.
The inﬂuences of the lattice mismatch on the ionic conduction
of grain boundary are discussed.2. Experimental procedure
A series of model samples were built by hot pressing two
8 mol%-YSZ same orientation single crystal slices. TheFig. 1. A photograph of two single crystal slices joined at a rotation angle α.
Fig. 2. (a) Arrhenius plots for Rpa, (b) activation energy, and (c) Rpa at 755 1C and 6
Σ43. The dashed line in (b) indicates the activation energy of {1 1 1} single crystacontact planes were mechanochemically polished to a mirror
state. The slices were joined with an aimed orientation
relationship which is determined by a rotation angle α, as
shown in Fig. 1. For {1 1 1} model samples, the values of α
are 60.01, 38.21, 21.81, and 15.21, which correspond to Σ3, Σ7,
Σ21, and Σ43 boundaries, respectively, while the values of α
for {1 1 0} model samples are 70.51, 50.51, 26.21, and 20.11,
which correspond to Σ3, Σ11, Σ19, and Σ33, respectively. The
samples were sintered at 1500 1C for 10 h under a load of
5  104 Pa to ensure a tight junction of two slices. Then, this
junction was examined by light transmittance.
The resistances of these samples were measured by the dc
method in a temperature range between 660 and 800 1C. The
resistances of the boundaries were calculated by
Rgb ¼ Rmodel–ΣRsingle; ð1Þ
where Rgb is the resistance of the boundary, Rmodel is the
resistance of the model sample, and ΣRsingle is the sum of the
resistance of the two single crystals.
To calculate the grain boundary conductivity, the thickness of
grain boundary is required. However, in previous investigations
[17–19], the boundary thickness in YSZ cannot be determined
explicitly. Since the thickness is only about 2–10 nm, it was
omitted in this work, and the resistances per unit area (Rpa) were
used for the comparison of grain boundary conduction.
It is noted that there is an experimental error for the Rpa
measurement, which comes from the inclination of the single
crystals, misalignment of the two single crystal slices, the quality
of the boundaries, etc. However, it is hard to estimate the error
quantitatively. In spite of the error, it is believed that the variation
trend of the conductive properties as a function of Σ is retained.
3. Results and discussion
The conductive properties of the {1 1 1} twist boundaries
are ﬁrst studied. The Arrhenius plots of Rpa are shown in Fig. 2
(a), in which Rpa as a function of temperature are well satisﬁed
with the Arrhenius behavior
Rpa=T ¼ AexpðEa=RTÞ; ð2Þ
where T is the absolute temperature, Ea is the activation energy of
grain boundary conduction, R is the gas constant, and A is a pre-80 1C as a function of Σ value for the {1 1 1} boundaries with Σ3, Σ7, Σ21, and
l.
Fig. 3. (a) Arrhenius plots for Rpa, (b) activation energy, and (c) Rpa at 755 1C and 680 1C as a function of Σ value for the {1 1 0} boundaries with Σ3, Σ11, Σ19,
and Σ33. The dashed line in (b) indicates the activation energy of {1 1 0} single crystal.
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grain boundary area for the measurement. From the slopes of the
plots, the activation energies are evaluated as given in Fig. 2(b).
It can be seen that the activation energy increases with Σ and
reaches a maximum at Σ21. When Σ is larger than 21, the
activation energy decreases. Rpa of the boundaries at 755 1C and
680 1C are compared in Fig. 2(c). It can be seen that under the
same temperature, the variations of Rpa have the same trend,
which increases with the Σ value continuously. The result that the
Σ3 boundary has smaller activation energy than that in single
crystal is also consistent with the previous MD simulation
results [13], and that the msd of oxygen ion across this boundary
is larger than that in grain interior.
Then, the conductive properties of the {1 1 0} twist bound-
aries are studied. According to the Arrhenius plots in Fig. 3(a),
the activation energies are calculated as shown in Fig. 3(b).
It can be seen that the activation energy decreases with Σ and
reaches a minimum at Σ19. When Σ is larger than 21, the
activation energy increases. This variation is opposite to that of
the {1 1 1} boundaries. Moreover, the activation energies of
the Σ11 and Σ19 boundaries are lower than that in the {1 1 0}
single crystal. Rpa of the boundaries at 755 1C and 680 1C is
shown in Fig. 3(c). It can be seen that Rpa decreased ﬁrstly and
then increased with the Σ value.
Based on the experimental results, it can be seen that the
conduction behavior of the boundaries depends strongly on its
lattice mismatch. On one hand, a larger lattice mismatch has a
positive impact on the diffusion ability of oxygen vacancies,
hence the ionic conduction [13,15]. On the other hand, a
larger mismatch can improve the segregation level of Y3þ ions
and vacancies, which has a negative impact on the boundary
conduction due to the formation of space charge layers
[7–11,16]. The ultimate grain boundary conductivity should
reﬂect the balance of these factors. Based on the results of the
activation energies, it is clear that, for the {1 1 1} twist
boundary, the effect of segregation dominates the conduction
when the Σ value is less than 21, and the diffusion enhanced
by mismatch dominates when the Σ value is more than 21. For
the {1 1 0} twist boundary, the diffusion enhanced by mis-
match dominates the conduction when the Σ value is less than
19, and the effect of segregation dominates when the Σ value is
more than 19. However, it is still an open question why thevariations of activation energies as a function of the Σ value for
the {1 1 1} and {1 1 0} boundaries are opposite.
4. Conclusions
The ionic conductions of {1 1 0} and {1 1 1} twist grain
boundaries in 8 mol% YSZ have been examined to investigate
the relationship between the structure and the ionic conduction
of grain boundary. It has been found out that in the {1 1 1}
boundaries, Rpa increases with the Σ value continuously, and the
activation energy for the grain boundary conduction increases
with the Σ value and decreases after Σ21. In the case of the
{1 1 0} boundaries, both Rpa and activation energy decrease
ﬁrstly and then increase with the Σ value. These variations
reﬂect the balance of the effects of lattice mismatch on the
diffusion ability of oxygen vacancies and the segregation of
oxygen vacancies and Y3þ ions.
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